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1 Introduction
Despite its many successes, the standard model cannot be taken seriously as a
candidate for the ultimate theory of matter. As described in the article Structure
of the Standard Electroweak Model earlier in this volume, it is a complicated theory
with many free parameters, several ne-tuning problems, and many arbitrary and
unexplained features. Historically, precision electroweak experiments were crucial
f t bli hi th t d d l t k d l ( i ll th i ti t )
1
establishes the standard model to rst approximation); the implications of super-
symmetry; (supersymmetric) grand unication; and a number of specic types of




, new souces of SU
2
breaking, new con-
tributions to the gauge boson self-energies, Zb

b vertex corrections, certain types of
new 4-Fermi operators and leptoquarks, and exotic fermions are described. Lepto-
quarks are covered in much more detail in the chapters by Deutsch and Quin and
by Herczeg, and exotic fermions in the chapter by London. Future prospects are
described in the chapter by Luo and in [2].
2 The Standard Model and its Parameters
2.1 Recent Data
Recent results from Z-pole experiments are shown in Table 1. These include the
results of the four LEP experiments ALEPH, DELPHI, L3, and OPAL (including
preliminary results from the 1993 LEP energy scan), averaged including a proper
treatment of common systematic uncertainties [3, 4]. In addition, the result from
the SLD experiment at SLAC [5] on the left-right asymmetry A
LR
is shown. The
rst row in Table 1 gives the value of the Z mass, which is now known to remarkable
precision. Also shown are the lineshape variables  
Z
, R, and 
had
, which are respec-
tively the total Z width, the ratio of the Z width into hadrons to the width into
a single charged lepton, and the peak hadronic cross section after removing QED
eects; the heavy quark production rates; various forward-backward asymmetries,
A
FB
; quantities derived from the  polarization P

and its angular distribution; and
the eective weak angle s
2
`
obtained from the jet charge asymmetry. N

is the num-
ber of eective active neutrino avors with masses light enough to be produced in Z
decays. It is obtained by subtracting the widths for decays into hadrons and charged
leptons from the total width  
Z
obtained from the lineshape. The asymmetries are


















are the vector and axial vector couplings to fermion f .
From the Z mass one can predict the other observables, including electroweak
loop eects. The predictions also depend on the top quark and Higgs mass, and 
s







. The predictions are shown in the third column of Table 1, using
the value m
t
= 175 11 GeV obtained for M
H
= 300 GeV in a global best t to all
data. The rst uncertainty is from M
Z
and r (related to the running of  up to
M
Z












models (which involve an additional heavyW
0
boson coupling to right-handed
currents) are described in the chapters by Deutsch and Quin and by Herczeg, and in [1].
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Quantity Value Standard Model
M
Z
(GeV) 91:1888 0:0044 input
 
Z
(GeV) 2:4974 0:0038 2:497 0:001 0:003 [0:002]
R =  (had)= (`


















b)= (had) 0:2202 0:0020 0:2156 0 0:0004
R
c







































































Table 1: Z-pole observables from LEP and SLD compared to their standard model
expectations. The standard model prediction is based on M
Z
and uses the global










correlation is  0:4. The lineshape correlations are given in [4].
range 60   1000 GeV. The last uncertainty is the QCD uncertainty from the value
of 
s
. Here the value and uncertainty are given by 
s
= 0:127  0:005, obtained
from the global t to the lineshape.
The data is in excellent agreement with the standard model predictions ex-








= 0:2202  0:0020: (2)
This is some 2:3 higher than the standard model expectation 0:2156  0:0004.
Because of special vertex corrections, the b

b width actually decreases with m
t
, as
opposed to the other widths which all increase. It is apparent from Figure 1 that
R
b
favors a small value of m
t
. By itself R
b
is insensitive to M
H
. However, when




are strongly correlated, the
eect is to favor a smaller Higgs mass. Another possibility, if the eect is more than
a statistical uctuation, is that it may be due to some sort of new physics. Many
types of new physics will couple preferentially to the third generation, so this is a
serious possibility.
Despite the small discrepancy,R
b





B oscillations) are sucient to establish that the left-handed b
belongs to a weak doublet. From the t to these and other data one obtains uniquely
t
3L
(b) =  0:500  0:005 t
3R
(b) = 0:026  0:018 (3)
3
cm




b)= (had) as a function of m
t
,
compared with the LEP experimental value. Also shown are the D0 lower bound of
131 GeV and the CDF range 174  16 GeV.
Quantity Experiment SM Topless Mirror Vector
R
b




0.0967 0.0038 0.0994 0  0:0994 0
Table 2: Predictions of the standard model (SM), topless models, a mirror model
with (t b)
R






, compared with the experimental values.
for the third component of the weak isospin of the b
L;R
, respectively, updating an
analysis by Schaile and Zerwas [6]. This is in agreement with the standard model
expectations of  1=2 and 0 and excludes topless models
4











in Table 2. Only the standard model is in agreement with the data.


















= 0:164  0:008 (4)
obtained by the SLD collaboration. A
0
LR
is very clean both experimentally [8] (most
systematic eects other than the absolute beam polarization cancel in the ratio) and
theoretically (most radiative corrections cancel), and is very sensitive to both the
weak angle and new physics. The SLD value is some 2:5 higher than the standard






) predicts a top quark mass around 250 GeV, much higher than other
determinations. Unless this is a statistical uctuation, the obvious possibility is that
the high value of A
0
LR
is due to new physics, such as S < 0, where S is a parameter
describing certain types of heavy new physics (see Section 4.8). In addition, there
are possible tree-level physics such as heavy Z
0




, which could signicantly aect the asymmetry. However, new









) (obtained from the angular distribution of the  polarization)














= 0:138  0:009 ; (5)
4
Earlier indirect arguments for the existence of the t quark are summarized in [7].
5
The relation makes use only of the assumption that the LEP and SLD observables are dominated
by the Z-pole. The one (unlikely) loophole is the possibility of an important contribution from other
sources, such as new 4-fermi operators. These are mainly signicant slightly away from the pole (at
the pole they are out of phase with the Z amplitude and do not interfere).
4
in agreement with the standard model expectation. Thus, there is a direct experi-
mental conict between the LEP and SLD values of A
0
e
at the 2:2 level.





constitute true discrepancies with the standard model (and between ex-
periments in the latter case) or are due to statistical uctuations at the 2-2.5  level
or other experimental problems. I will generally take the view that the eects are
consistent with (large) uctuations.
There are many other precision observables. Some recent ones are shown in
Table 3. These include the D0 limit [9] m
t
> 131 GeV and the value m
t
= 174 
16 GeV suggested by the CDF candidate events [10]. There are new observations
of the W mass [11, 12] from both D0, which has presented a preliminary new
value 79:86  0:40 GeV, and from CDF, which nds 80:38  0:23 GeV. Combining







[13], atomic parity violation from Boulder [14], recent results










from the CCFR collaboration at Fermilab [16]. This on-shell
denition of the weak angle is determined from deep inelastic neutrino scattering
with small sensitivity
7
to the top quark mass. The result combined with earlier
experiments [17]-[19] is also shown. All of these quantities are in excellent agreement
with the standard model predictions.
In the global ts to be described [20], all of the earlier low energy observ-
ables [18]-[21] not listed in the table are fully incorporated, as are full treatments of
statistical, systematic, and theoretical uncertainties, and correlations between the
experiments.
2.2 Theoretical Expressions and Radiative Corrections
2.2.1 The Z and W Masses



























Although initially dened in terms of the gauge couplings, after spontaneous sym-
6




by the LEP M
Z
and include the result in the M
W
average. (In fact, such a procedure was carried out in the D0 analysis.) I do not do so because, in




. In practice, the eect is negligible








) = (150,100) GeV.




) in the allowed range.
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Quantity Value Standard Model
M
W


















































0:123 0:006 LEP jets
0:116 0:005 jets + low energy
0:127 0:005 0:002
[Z lineshape]
Table 3: Recent observables from the W mass and other non-Z-pole observations





























































= (37:2802 GeV )
2
: (9)
The rst form of equations (6){(8) are valid at tree level. However, the data is
suciently precise that one must include full one loop radiative corrections, which
means that one must replace the quantities by the expressions shown in the last
part of equations. There are a number of possible ways of dening the renormalized










, which is renormalized




poles and some associated constants (artifacts of dimensional
regularization) from the gauge couplings.
In equation (7) the quantity r^
W
contains the nite radiative corrections
which relate the W and Z masses, muon decay, and QED. The dominant contribu-
tion is given by the running of the ne structure constant  from low energies, where
















Figure 2: (a) Photon self-energy diagram leading to the running of . (b) Contribu-
tions of the top and bottom quarks to the W and Z self-energies.










) = 127:9  0:1; (12)
where the uncertainty is from the contribution of light hadrons to the photon self-
energy diagrams. This leads to a theoretical uncertainty of 0:0009 [24] in r^
W
,
which turns out to be the dominant theoretical uncertainty in the precision elec-
troweak tests and, in particular, in the expressions relating the Z mass to other
observables. A similar eect leads to a signicant theoretical uncertainty in the
anomalous magnetic moment of the muon, g

  2, which will dominate the experi-
mental uncertainties in the new Brookhaven experiment unless associated measure-




! hadrons at low energies. Including
other small contributions, one predicts
r^
W
= 0:0706  0:0002  0:0009; (13)














is so much heavier than the bottom quark mass there is large
SU
2
breaking generated by loop diagrams involving the top and bottom quarks, in
particular from the W and Z self-energy diagrams shown in Figure 2. There is little
shift in the W mass, because that eect is already absorbed into the observed value
of the Fermi constant, so r^
W
has no large m
t
dependence. However, the Z mass
prediction is shifted down. In particular, the quantity ^ in equation (8) depends
quadratically on m
t
. It is given by [25]





















Here and throughout, m
t
refers to the pole mass, which corresponds approximately
to the kinematic mass relevant to direct searches at colliders. (The running mass
is discussed by Marciano in this volume.) For m
t
in the range 100 { 200 GeV the
eect on ^ can be quite signicant. 
t
propagates to other observables and generates
most of the m
t
dependence. (The one important exception is the vertex correction
7
cm







) as a function of m
t
from various observables.
to Z ! b






) terms that are strongly correlated with 
t
.
From the precise value M
Z
= 91:18880:0044 GeV from LEP one has (using








) = 0:2319  0:0005: (16)
The uncertainty is an order of magnitude smaller than one had prior to the Z-pole
experiments at LEP. The uncertainty from the experimental error in the Z mass is
negligible, of order 0:00003. The theoretical uncertainty 0:0003 coming from r^
W
is




,  0:0004. Here I
have used the range ofm
t
from the global best t, and 60 GeV < M
H
< 1000 GeV. If
one knew m
t
one would have a more precise value of the weak angle. The sensitivity
is displayed in Figure 3. Clearly, one cannot determine the weak angle from M
Z
alone because of them
t
dependence. One must have either other indirect observables
with a dierent dependence on m
t
or a direct measurement. Before discussing other
possibilities, I will digress somewhat on the radiative corrections [22].
The radiative corrections fall into three categories. First, there are the re-
duced QED corrections, which involve the emission of real photons and the exchange
of virtual photons but do not include vacuum polarization diagrams. These consti-
tute a gauge invariant set but depend on the details of the experimental acceptances
and cuts. They generally are removed from the data by the experimenters. The
second class has already been described. It is the electromagnetic vacuum polar-
ization diagrams, which lead to the running from 
 1










)=  0:0009 [24], which can lead to a shift of approximately
3 GeV in the predicted value of m
t
.
The electroweak corrections are now quite important. One must include full
1-loop corrections as well as dominant 2-loop eects. The electroweak corrections
include and are dominated by the gauge self-energy diagrams for the W , Z, and
Z mixing. In addition, there are box diagrams and vertex corrections, which are
smaller but which have to be included. Recently there has been some progress on






included. The net eect is to replace (14) by [26]


















. There are additional smaller contributions which must be included
in the numerical analysis.
8
There are also signicant mixed QCD-electroweak diagrams, such as those
obtained by the exchange of the gluon across the quarks in a self-energy diagram.






leads to the replacement [27].













 1 + 0:9
t
; (18)
which raises the predicted value of m
t
by approximately 5%. Recently there have
been discussions and estimates of t








These have been estimated using both perturbative [28] methods and by dispersion
relations [23]. One estimate [28] is that the eect is mainly to shift the scale at
which 
s









This is in good numerical agreement with the dispersion relation estimate, which is
used here. The threshold corrections raise the predicted values of m
t
by +3 GeV.




There are a number of denitions of the renormalized weak angle used in the liter-





























The rst denition is based on the coupling constants; the last two take meaning
only after spontaneous symmetry breaking has occurred, and therefore mix in parts
of the theory other than the gauge vertices. At higher order one must dene a
renormalized angle. One can use the various expressions in equation (19) as starting





. This has led to considerable confusion (and heat).
Two common denitions are based on the spontaneous symmetry breaking
(SSB) of the theory, namely on the gauge boson masses. The most famous is the











= 0:2243  0:0012: (20)






must actually be extracted from other data and not from the
dening relation (20). This leads to a strong dependence on m
t
, which accounts
for almost all of the uncertainty in s
2
W




denitions is from a global t to all data.)





































+ small terms; (22)
which depends sensitively on m
t
. For the allowed range, one expects
r = 0:040  0:004  0:0009; (23)
where the second uncertainty is from (M
Z
).





















= 0:2312  0:0003; (24)
is obtained by simply removing the m
t

















is essentially equivalent to using the Z mass as a renormalized parameter,
introducing the weak angle as a useful derived quantity. This scheme is simple and
precise, and by denition there is no m
t







. However, the m
t
dependence and uncertainties enter as soon as one predicts
other quantities in terms of it.
Both of the denitions based on spontaneous symmetry breaking are awk-
ward in the presence of any type of new physics that shifts the values of the gauge
boson masses. There are other denitions based on the gauge coupling constants.
These are especially useful for applications to grand unication, and they tend
to be less sensitive to the presence of new physics. One is the modied minimal



















= 0:2317  0:0004; (25)
dened by removing the poles and associated constants from the gauge couplings.




























. The version used here [32, 23] decouples them from    Z mixing, essentially
eliminating any m
t
dependence from the Z-pole asymmetry formulas. The on-shell











An alternate form, s^
2
ND
[33], which was used frequently in earlier literature, does not decouple
the lnm
t
terms. Its numerical value is close to the eective angle s
2
`
for the favored m
t
range. The
precise translations are given in [23, 19]. Another variant, used in the program ZFITTER [34], is








. For example, 
W

















The detailed relation is given in [23, 33].
































is the weak isospin of the left-handed component of fermion f and q
f
is
its electric charge. The electroweak self-energy and vertex corrections are absorbed
into the coecient 
f






from the data after removing all photonic contributions. In principle there are also
electroweak box contributions. However, these are very small at the Z pole, and
are typically ignored or removed from the data.




























+ 0:00028 = 0:2320  0:0004: (30)
There is an additional theoretical uncertainty of 0:0001 from the precise denition
of the angles and higher order eects. These eective angles are very simple for the
discussion of the Z-pole data, but are dicult to relate to other types of observables.
All of these denitions have advantages and disadvantages, some of which are listed
in Table 4. Other denitions and schemes, such as the *-scheme, are described by
Hollik in this volume.
2.2.3 Other Z-Pole Observables
The other Z-pole observables can also be computed. For example, the partial width
for Z to decay into fermions f

f is given approximately by [36]
 (f






















For the heavier quarks and leptons kinematic mass corrections must be applied,
although they are only important for  (


















dependence from Z-pole observables












reenters when predicting other observables





+ based on coupling constants
+ convenient for GUTs
+ usually insensitive to new physics
+ Z asymmetries  independent of m
t
  theorists denition; not simple conceptually
  usually determined by global t
  some sensitivity to m
t
  variant forms (m
t










+ Z asymmetry independent of m
t





  phenomenological; exact denition in computer code
  dierent for each f
  hard to relate to non Z-pole observables
Table 4: Advantages and disadvantages of several denitions of the weak angle.
12
p^ so that each partial width increases quadratically with m
t


































































which includes QED and QCD corrections. (
s
is the strong coupling in the









dence in the QCD corrections [37]. The 
s
dependence of the hadronic widths leads
to a determination of 
s
= 0:1270:005. (There is also some sensitivity to the mixed
QCD-electroweak contributions to ^, which relates M
Z
to the other observables.)
For xed M
Z
most of the m
t




b) decreases with m
t
due to special m
t
-dependent vertex corrections [38],




factors, but to an excellent numerical
approximation  (b






































b) is the standard model expression without the corrections. This special
dependence is useful for separating m
t
from the Higgs mass, and (especially) from
such new physics as higher-dimensional Higgs representations.
For describing the lineshape, it is convenient to use the total width  
Z
; the











(nb) (after removing QED eects);




`) is the average of the e; ; and  widths
after verifying lepton-family universality and removing small m

eects). These are


















. Both R and

had
are insensitive to m
t








, and R as a function of m
t
are








). One sees that the agreement is excellent for m
t
in the 100 { 200 GeV range.
The results of ts to the Z widths are listed in Table 5. The prediction for R
b
is shown in Figure 1. As already discussed, it is higher that the standard model
prediction for all allowed m
t















is also correlated to M
Z









, and R as a function of m
t
,
compared with the experimental results. For  
Z
the dotted, solid, and dashed lines
are for M
H
= 60, 300, and 1000 GeV, respectively. The M
H
dependence is too small
to see for the 
had
and R graphs. The QCD uncertainties are indicated.
cm
Figure 5: Theoretical prediction for  (inv) in the standard model with N

= 3 and
















in Figure 5 is clearly in agreement with N

= 3 but not N

= 4. In fact, the result [3]
N






but also supersymmetric models with light sneutrinos (N

= 0:5) and models with
triplet (N

= 2) or doublet (N

= 0:5) Majorons [40]. N

does not include sterile
(SU
2
-singlet) neutrinos. However, the complementary bound N
0

< 3:3 (95% CL)
from nucleosynthesis [41] does include sterile neutrinos for a wide range of masses
and mixings [40], provided their mass is less than  30 MeV.
In addition there are various asymmetries observed at LEP and SLD. The




! Z ! f

f is given, after removing photonic

















is dened in (1). A
0`
FB
is the average of the e, , and  asymmetries after
verifying lepton-family universality. A
0b
FB
, which is determined after correcting for
B

B oscillations, is mainly sensitive to s^
2
Z




LEP experiments also extract the weak angle from the jet charge asymmetry [3].
Other asymmetries include the polarization of produced  's. The polarization is


































coming mainly from the average polarization and A
0
e
mainly from its forward-
backward asymmetry. The SLD collaboration has polarized electrons; from the






















in the standard model as




= 60 (dotted line), 300 (solid), and 1000 (dashed) GeV,
compared with the experimental values. The theoretical uncertainties from r^
W
=
0:0009 are also indicated. For A
0
`



















obtained from various observables assuming m
t
= 175  11 GeV, 
s
=
0:127  0:005, and 60 < M
H
< 1000 GeV.
All of these asymmetries are independent of m
t
when expressed in terms of
the eective angles s
2
f
and almost independent of m
t
when expressed in terms of
the MS angle s^
2
Z






from the data without
theoretical uncertainties from m
t
. On the other hand, in the on-shell or Z-mass
schemes the formulas involve quadratic m
t
dependence.









are compared with the experimental
data in Figure 6. Again, the agreement is excellent.




in theMS and on-shell schemes from various
Z-pole observables, M
W
, and low energy neutral current processes are listed in
Table 5 and displayed in Figure 7. The low energy values are not as precise as those
from the Z-pole andM
W
. However, they are still important as they probe dierent
couplings and kinematic ranges, and are sensitive to certain types of new physics
to which the W and Z are blind.




























termined from the asymmetries, m
t





the hadronic Z-widths. In practice all of these quantities are determined from a
simultaneous t. The results of ts to various sets of data are shown in Table 6.










is in remarkable agreement with the value 174  16 GeV suggested by the CDF





















=  0:20. The overall

2
of the t is 181 for 206 d.f., which is low (mainly due to the older neutral current data) but
acceptable: the probability of 
2










































0.2324 0.0007 0.2249 0.0012































)e 0.228 0.008 0.221 0.007
atomic parity 0.223 0.008 0.216 0.008
e
"#
D ! eX 0.223 0.018 0.216 0.017
All 0.2317 0.0004 0.2243 0.0012
Table 5: Values of s^
2
Z
(MS ) and s
2
W
(on-shell) obtained from various inputs, assuming
the global best t values m
t
= 175  11 GeV (for M
H
= 300 GeV) and 
s
=
0:127  0:005, correlated with 60 GeV < M
H











is determined from the electroweak vertices.
(The uncertainty in s^
2
Z
would be reduced to 0.0004 if one used the theoretical formulas,














)X) from (approximately) isoscalar targets (Perrier, this









)e refer respectively to elastic scattering from nucleons (Mann, this volume) and
electrons (Panman, this volume). e
"#
D refers to the SLAC polarized eD asymmetry
(Souder, this volume). For atomic parity violation (Masterson and Wieman, this
volume), the experimental and theoretical (Blundell, Johnson, and Sapirstein, this


















































Table 6: Results for the electroweak parameters in the standard model from various
sets of data. The central values assume M
H
= 300 GeV, while the second errors are
for M
H
! 1000 (+) and 60 ( ). The last column is the increase in the overall 
2
of
the t as M
H
increases from 60 to 1000. From [20].
a separate constraint. Since the indirect data is consistent with the CDF value,
adding it has little eect on the standard model ts. (It is very important for








) obtained from jet and low energy data [42] as a
separate constraint. The resulting 
s
= 0:122(3)(1) may be viewed as a weighted
average of these other determinations with the lineshape value of 0:127(5)(2). The
other ts show the sensitivity to the various data sets. The fourth row includes the
LEP results and the low energy data but not SLD. Comparing with the rst row
one sees that the predicted m
t
is pulled up signicantly (by  7 GeV) by the SLD
result. The next row combines the LEP and SLD measurements of A
e
, increasing
the error in the weighted average by the scale factor
12
S = 2:2. The last rows are
the result of the Z-pole, LEP, and SLD observables by themselves.
The central value in (38) is for M
H
= 300 GeV, while the second uncertainty
is from M
H






) terms in the ^ parameter (but not in the Zb

b vertex
corrections). For other values of M
H
one nds the approximate prediction
m
t







where the coecient 13 is obtained from the ts (see Figure 8) and should be
viewed as an approximate interpolation of more complicated formulae. In particular,
supersymmetric extensions of the standard model, which involve a light standard
model-like Higgs, favor the lower part of the range in (38).
The 
2
distributions for the t of the indirect data as a function of m
t
are shown for various values of M
H





. From the indirect data one can obtain upper and
12
S is the square root of the 
2
=df . This is the procedure recommended by the Particle Data
Group [43] when there is a discrepancy between experiments.
17
cm
Figure 8: Best t value for m
t





> 60 GeV [44] and the approximate triviality limit [45] M
H
<
600 GeV are also indicated. The latter becomes M
H
< 200 GeV if one requires that
the standard model holds up to the Planck scale. The CDF value m
t
= 17416 GeV
and the D0 bound m
t











, 300, and 1000 GeV. The direct constraints on m
t
from CDF and D0 are displayed but are not included in the 
2
.
lower limits on m
t
. The weakest upper limit is forM
H
= 1000 GeV, from which one
nds m
t
< 205 (209) GeV at 90 (95)% CL. The corresponding limits for other M
H
are 170 (174) GeV for M
H
= 60 GeV and 188 (192) GeV for M
H
= 300. Similarly,
the indirect data alone set signicant lower limits on m
t
, which would continue to
hold even in the presence of nonstandard t decays which could invalidate the direct
collider searches. The weakest limit is for M
H
= 60 GeV, for which one obtains
m
t
> 140 (135) GeV at 90 (95)% CL.












= 0:2320  0:0003  0:0002 (40)
for the the MS , on-shell, and eective weak angles, respectively. The rst un-




), while the second is from M
H
in the














With the exception of A
0
LR
the values obtained from individual observables are






= 175  11 GeV, 
s
= 0:127  0:005, and 60 GeV < M
H
< 1000 GeV are shown
in Table 5 and in Figure 7. The agreement is remarkable.
One can also extract the radiative correction parameter r^
W
dened in (7).
Fitting to all indirect data and keeping the full m
t





= 0:067  0:002; (41)





= 0:068 0:002. For the analogous parameter r in the on-shell scheme, eqn.
(21), one obtains
r = 0:044  0:005 (42)
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): Using the results of the 1993 LEP energy scan one can now extract the strong
coupling constant 
s





) = 0:127  0:005  0:002 (lineshape); (43)




is only weakly correlated with the
other parameters. It is determined mainly from the ratio R   (had)= (`

`), which
is insensitive to m
t
(except in the b














This determination is very clean theoretically, at least within the standard model.





would be a \gold-plated" extraction of 
s
and test of QCD. Using a
















) value in (43). It should be cautioned, however, that the lineshape value
is sensitive to the presence of new physics which aects the hadronic Z decays. In
particular, it will be discussed in Section 4.6 that if one allows for new physics in
the Zb

b vertex to account for R
b
, the extracted value of 
s
decreases to 0:111(9)(1).
The lineshape value of 
s





) = 0:123  0:006 extracted from jet event shapes at LEP using re-





)  0:129  0:008; SUSY  GUT (44)
of supersymmetric grand unication. As can be seen in Table 7, however, it is
somewhat larger than some of the low energy determinations of 
s
(which are then
extrapolated theoretically to the Z-pole), in particular those from deep inelastic
scattering, the lattice calculation of the charmonium spectrum
13
, and a recent lattice
calculation of the bottomonium spectrumwhich claims a very small uncertainty [50].
This has led some authors to speculate that there might be a light gluino which
would modify the running of 
s
[51]. It should be noted, however, that there is
an independent low energy LEP determination from the ratio R

of hadronic to
leptonic  decays, which gives a larger value.
The third row of Table 6 includes the value 
other
s
= 0:116  0:005 obtained
from low energy and jet data [42]. The resulting value 
s
= 0:122(3)(1) can be
regarded as a weighted t to all data, including the Z lineshape. However, given
the discrepancies between the individual determinations, caution is advised in ac-
cepting either this value or the small error. For this reason, when discussing grand
unication in Section 4.4, 
s
will generally be taken as a prediction rather than an
input, or else the more conservative range 0:12 0:01 will be used.
13
The value 0:110 0:006 [48] has increased somewhat from the published value of 0:105 0:004











+ had)= (!leptons) 0:122  0:005
Deep inelastic 0:112  0:005
, J=	 decays 0:113  0:006
Charmonium spectrum (lattice) 0:110  0:006
Bottomonium spectrum (lattice) 0:115  0:002
LEP, event topologies 0:123  0:006
LEP, lineshape 0:127  0:005  0:002
Table 7: Values of 
s
at the Z-pole extracted from various methods.
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from a combined t to precision










) from the precision experiments is anticorrelated with
m
t







), in better agreement with the low energy data. As mentioned above,




2.4 The Higgs Mass
One can attempt to use the precision data to constrain the Higgs boson mass. This
enters ^ logarithmically and is strongly correlated with the quadraticm
t
dependence
in everything but the Z ! b

b vertex correction. The 
2
distributions as a function
of the Higgs mass are shown with and without the additional CDF constraint m
t
=
174  16 GeV in Figure 11. In both cases, the minimum occurs at or near the





= 1000 GeV is shown in Table 6.) A low value for M
H
is consistent with the
minimal supersymmetric extension of the standard model, which generally predicts
a relatively light standard model-like Higgs scalar. However, the constraint is weak
statistically. From the 
2
distribution one obtains the weak upper limits
indirect : M
H
< 570 (880) GeV (45)
at 90 (95)% CL from the indirect precision data, and
indirect+ CDF : M
H
< 510 (730) GeV (46)
including the CDF direct constraint from m
t
. (These results include the direct
LEP limit M
H
> 60 GeV [45].) Clearly, no denitive conclusion can be drawn.
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Figure 11: Increase in 
2
from the best ts as a function of M
H
, with and without
the CDF constraint m
t






Furthermore, the sensitivity to M
H






, both of which are well above the standardmodel expectations.
Omitting these leads to an almost at 
2
distribution, as can be seen in Figure 11.






dependence does not imply that the data is insensitive to the
spontaneous symmetry breaking mechanisms. Alternative schemes generally yield
large eects on the precision observables, as will be described below.
2.5 Have Electroweak Corrections Been Seen?
The data can also be interpreted in terms of whether one has actually observed
the electroweak (as opposed to the simple running ) corrections. Novikov et al.
[30] have noted that there is a large cancellation between the fermionic and bosonic
contributions to the W and Z self-energies, and that until recently the data could
actually be t by a properly interpreted Born theory. However, the data is now
suciently good that even given the cancellations these electroweak loops are needed
at the 2 level. Gambino and Sirlin [52] and Dittmaier et al. [53] have interpreted
the data in somewhat dierent way. They have argued that the fermionic loops,
both in the running of  and the t; b loops, are unambiguous theoretically, and
certainly should be there if the theory is to make any sense. However, the bosonic
loops, which involve triple-gauge vertices, gauge-Higgs vertices, etc., have never
been independently tested in other processes. They have shown that the data are
inconsistent if one simply ignores bosonic loops (which are a gauge-invariant subset
of diagrams), thus providing convincing though indirect evidence for their existence.
3 Model Independent Analyses
Long before the LEP era, the standard model was strongly favored compared to
competing gauge theories by model independent analyses of neutrino scattering,




below the Z pole [54]. In a model independent
analysis one writes an eective Lagrangian involving all of the four-fermi operators
that can be obtained at tree-level in a gauge theory
14
, and then tries to determine
their coecients directly from the data. Each electroweak gauge theory makes a
prediction for the coecients. One can therefore see whether the coecients are
14
In practice one usually assumes family universality.
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Table 8: Standard model expressions for the neutral-current parameters for -hadron,
e, and e-hadron processes. If radiative corrections are ignored,  =  = 1;  = 0.























= 91:1888 GeV, and hQ
2
i = 20 GeV
2





= 1:0358 (at hQ
2
i = 0). For atomic parity violation, 
0
eq




















= 0:003. The dominant m
t
dependence is given by   1 + 
t







(on-shell) or   1 (MS ).
uniquely determined and whether they are in agreement with the standard model
predictions.
The model independent analyses were important historically in establishing
the uniqueness of the standard model. They are still important today because the
four-fermi parameters that they determine are not quite the same as those measured
in the (more accurate) Z-pole experiments, at least in the presence of new physics.
The former are sensitive to all standard model and new physics contributions to the
process. The latter are the actual couplings of the Z to the corresponding fermions,
and are sensitive only to the types of new physics which directly aect the Z.
Previous to LEP the most precise neutral current tests involved the neutrino-
quark interactions, as described in the article by Perrier and in [54, 55]. There have
been deep inelastic experiments on (approximately) isoscalar and p and n targets,
N ! X; p ! X; n ! X, elastic scattering such as p ! p, and various
inelastic reactions, such as coherent N ! 
0
N . In particular, the deep inelastic
cross sections for neutral current scattering divided by the corresponding charged
current cross sections for targets such as iron and carbon, for which most of the
22
cm








(d), compared with the
standard model predictions as a function of s
2
W
. The agreement is excellent.
strong interaction uncertainties
15
[59] and those involving the neutrino ux cancel
in the ratio, have been measured at the 1% level. The less precise measurements on
proton and neutron targets constrain the isospin structure of the current. Assuming
family universality and left-handed neutrinos, the most general eective four-fermi
interaction for q scattering that can be generated from gauge interactions, i.e.,











































(i) refer to the interactions of left- and right-
handed quark i with neutrinos. The standard model expressions for the 's are
listed, including the radiative corrections, in Table 8. (Specic values of the ra-
diative corrections are given in the on-shell scheme, which was used in most of the
analyses [54]. They can be translated to the MS scheme using (26).) Other gauge
theories would give other values. The data is sucient to determine the four 's
uniquely
17
. The results are shown in Figure 12. The left-hand couplings give the




. The values of the parameters are
listed along with the standard model predictions in Table 9. Also given are the










, which are the squares of




planes. These quantities are much more
weakly correlated than the 's themselves.
There have been a number of neutrino-electron experiments [54, 15], as de-









The most general Lagrangian allowed by a gauge theory with family universality







































refer to the vector an axial vector couplings of the electron in








up to a four-
fold ambiguity, as is shown in Figure 13. One of the solutions corresponds to the
15
The largest residual uncertainty is in the charm quark threshold in the charged current denom-
inator [16, 54, 58].
16
Alternate parametrizations are described in [60].
17





required considerable reanalysis for the model independent studies [54].
23
Quantity Experimental Value SM Correlation

L
(u) 0:332 0:016 0:345 0:001

L
(d)  0:438 0:012  0:429 0:001 non -

R































 0:041 0:015  0:037 0:001
C
1u
 0:214 0:046  0:189 0:001  0:995   0:79
C
1d








 0:04 0:13  0:051 0:002
Table 9: Values of the model-independent neutral current parameters, compared
with the standard model predictions (SM) using M
Z
= 91:1888  0:0044 GeV and
m
t
= 17511 GeV forM
H
= 300 GeV. g
2
L;R




























plane from neutrino-electron data, compared










and an overall sign
change.









e, for which both charged and neutral currents
contribute and interfere. The 
e
e reaction has been measured at LANL [61]; it
yields the additional constraint shown in Figure 13. Finally, there is the Savannah
River reactor 
e
e experiment [62], which yields a dierent allowed contour. From
these one sees that the 
e
data determine the couplings up to a two-fold ambiguity,
one of which (the axial-vector dominant) corresponds to the standard model. It









data if one assumes that the amplitude factorizes into
neutrino and charged-lepton factors. This is true if the neutral current amplitude
is dominated by the exchange of a single Z boson. That is certainly a reasonable
assumption for gross purposes such as eliminating the vector-dominant solution.
However, it should be warned that many types of new physics, such as extra Z
0
bosons, break the factorization, and care should be applied when relating the two






in the standard model are shown
in Table 8, and the numerical values extracted from the data are compared with
the standard model predictions in Table 9.
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Figure 14: Constraints from eD scattering and atomic parity violation, compared




There have been a number of measurements of the interference between weak
and electromagnetic amplitudes in the electron-quark system.
The parity-violating eq interaction generated by Z exchange can be expressed







































represent axial electron and vector quark currents while the C
2i
represent vector electron and axial quark currents. There are additional parity-
conserving pieces, which are negligibly small compared to electromagnetism. There
have been several experiments on the electron-quark coupling. Most notably, the
polarized electron-deuteron asymmetries e
("#)
D ! eX from SLAC [63], and, more







C from Bates [65], and the BCDMS C asymmetry experiment [66]
done at CERN. These are described in detail in the article by Souder.
In addition, parity violation manifests itself in atomic physics by leading to
parity-violating mixtures between S and P wave states. The subject has had a long
and dicult history, but in recent years the experiments have advanced greatly; in
particular, there are now high precision measurements of parity violation in the ce-
sium atom, rst in Paris [67] and more recently in Boulder [14], as described in the
article by Masterson and Wieman. Cesium is a very clean atom to study theoreti-
cally [68]: it is a single electron outside of a tightly-bound core. Recent calculations
of the matrix elements needed to interpret the experimental results are accurate at
the 1% level
18
, as described in detail by Blundell, Johnson, and Sapirstein. The
experimental precision should equal this soon. The C
1i
couplings are much better




operators are coherent with respect to the
nucleons in a heavy nucleus, while the C
2i
operators couple to nucleon spin. Also,
the C
2i
operators involve theoretical ambiguities from the s quark content of the
nucleon [69] and nuclear anapole moment eects [69]. The experimental constraints
are compared with the standard model predictions in Figure 14 and Table 9. The
agreement is excellent. It is apparent that the cesium results are especially use-
ful for constraining types of new physics which shift the predicted parameters in a
direction perpendicular to the narrow band in Figure 14 [70, 71].















b, cc;   . Experiments were done at SLAC, DESY and
18
In the future it may be possible to eliminate most theoretical uncertainties by comparing the
parity-violating eects in dierent isotopes of the same atom.
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as a function of the
square of the center of mass energy, compared with the prediction of the standard





TRISTAN well below the Z-pole, where the dominant contribution is photon ex-
change, with the Z a perturbation. The interference can lead to a forward-backward
asymmetry, A
FB
, in the direction of the 
 
with respect to the e
 
. Well below the























s is the total center of mass energy. This depends only





except for a (small) indirect dependence via M
Z
. Therefore, it is essentially
an absolute prediction of the model
19
. The magnitude of the asymmetry is predicted
to increase approximately linearly with s. The data is compared with the prediction
in Figure 15; the agreement is excellent. The annihilation into hadrons is discussed
in detail in the article by Haidt.
The model independent analyses established that most of the four-fermi in-
teractions are uniquely determined, consistent with the standard model and in dis-
agreement with many competing gauge theories. The more precise Z-pole measure-
ments from LEP and SLC subsequently excluded large classes of small deviations
from the standard model predictions. However, there are many types of new physics
which do not directly aect the Z or its couplings and to which the Z-pole exper-
iments are blind. The low energy experiments therefore still play a signicant role
in probing for such types of new physics.
4 Beyond the Standard Model
4.1 Unication or Compositeness
Most work in particle physics today is directed towards searching for the new physics
beyond the standard model. Although there are many theoretical ideas for the
nature of such new physics most possibilities fall into one of two general categories.
The rst, which I describe as the Bang scenario, involves the unication of
the interactions. In such schemes there is generally a grand desert up to a grand
unication (GUT) or Planck scale (M
P
). This is the natural domain of elementary
19
























with the value of M
Z
measured in other experiments. In fact, the asymmetry








Higgs elds, supersymmetry, GUTs, and superstring theories. If nature should
choose this route there is a possibility of probing to M
P
and to the very early
universe. There are hints from coupling constant unication that this may be the
correct path. Some of the implications are that there should be supersymmetry,
which can ultimately be probed by nding the new superpartners at the LHC.
Secondly, one expects to have a light Higgs boson, which acts much like the standard
model Higgs except that it must be lighter than 110   150 GeV, which should be
detectable at the LHC or possibly at LEP 2. (The standard model Higgs could
be as heavy as 600   1000 GeV.) Finally, a very important prediction of at least
the simplest cases is that one expects an absence of deviations from the standard
model predictions for precision electroweak tests, CP violation, or rare K decays,
because of the decoupling of the heavy superpartners. Of course, it is hard to take
the observed absence of such deviations as compelling evidence for supersymmetric
unication, but they are nevertheless suggestive. Some such schemes also lead to
predictions for m
b
, proton decay, neutrino masses, and rare decays.
If the coupling constant unication is not just an accident there are very
few types of new physics other than supersymmetry that could be present without
spoiling it (unless two new eects cancel). These include additional heavy Z
0
bosons,
gauge singlets, and a small number of new sequential, mirror, or exotic fermion
families.
The other general possibility is the Whimper scenario, in which nature con-
sists of onion-like layers of matter at shorter and shorter distance scales. This is
the domain of composite fermions and scalars and of dynamical symmetry break-
ing. Experimental limits imply that any new layer of compositeness would have to
be strong binding, and is therefore not analogous to previously observed levels. If
nature should choose this route, then at most one more layer would be accessible to
us at the LHC and future colliders. Such schemes generally predict signicant rates
for rare decays such as K ! e. This is a generic feature of almost all such models,
and the fact that they have not been observed is a severe problem for the general
approach and has made it dicult to construct realistic models. If one somehow
evades the problem of rare decays one still generally expects to see signicant eects
in precision observables, including new 4-fermi operators, decrease of the Z ! b

b
partial width, and modications to 
0
and to the parameters S, T , and U . The
fact that these have not been seen constitutes an additional serious diculty for
most such models. In the future one would also expect to see new particles and
anomalous interactions among gauge bosons.
4.2 Searches for New Physics
Since there is no evidence for deviations from the standard model, the boson and
neutral current data (and also precision charged current data) can be used to set
limits on many kinds of possible new physics. These include (a) heavy Z
0
bosons [73]-
[76]; (b) the 
0
parameter, associated with higher-dimensional Higgs representations
27
or other new sources of SU
2
-breaking [77]; and (c) classes of new physics (such as
technicolor or new multiplets of fermions or scalars) which only aect the Z, W ,
and neutral current observables via gauge self-energy diagrams [78]-[85]. Other
applications include (a) verifying the canonical (i.e., left-handed doublets, right-
handed singlets) weak isospin assignments of the known quarks and leptons [7, 6];
(b) searches for mixing between ordinary and exotic fermions (e.g., left-handed
singlets or right-handed doublets, which are predicted in many extensions of the
standard model) [86, 2]; (c) searches for leptoquarks or new four-fermi operators
associated with compositeness [2, 70, 71]; (d) searching for anomalous contributions
to the Zb

b vertex [87], such as may be generated by light superpartners [88] or
extended technicolor interactions [89]-[91]. The sensitivity of existing and projected
experiments for various classes of new physics are described in detail in [2].
4.3 Supersymmetry and Precision Experiments
Let us now consider how the predictions for the precision observables are modied
in the presence of supersymmetry. There are basically three implications for the
precision results. The rst, and most important, is in the Higgs sector. In the
standard model the Higgs mass is arbitrary. It is controlled by an arbitrary quartic
Higgs coupling, so that M
H
could be as small as 60 GeV (the experimental limit)
or as heavy as a TeV. The upper bound is not rigorous: larger values of M
H
would
correspond to such large quartic couplings that perturbation theory would break
down. This cannot be excluded, but would lead to a theory that is qualitatively
dierent from the (perturbative) standard model. In particular, there are fairly
convincing triviality arguments, related to the running of the quartic coupling,




However, in supersymmetric extensions of the standard model the quartic
coupling is no longer a free parameter. It is given by the squares of gauge couplings,
with the result that all supersymmetric models have at least one Higgs scalar that
is relatively light, typically with a mass similar to the Z mass. In the minimal





acts just like the standard model Higgs
21
except that it is necessarily light.




correlation, and one has
the prediction for m
t
is (39). For the standard model range 60 < M
H
< 1000 GeV
this corresponds to m
t
= 175  11
+17
 19
GeV (SM). However, in MSSM one has the
smaller range 60 < M
H



























= 0:126(5)(1) (MSSM); (54)




There can be additional eects on the radiative corrections due to sparticles
and the second Higgs doublet that must be present in the MSSM [92]. However,




, and the eects are









-breaking) parameter to be discussed below, leading to a
smaller prediction for m
t





there would be new contributions to the Z ! b













There are only small windows of allowed parameter space for which the new
particles contribute signicantly to the radiative corrections. Except for these, the
only implications of supersymmetry from the precision observables are: (a) there is
a light standard model-like Higgs, which in turn favors a smaller value of m
t
. Of
course, if a light Higgs were observed it would be consistent with supersymmetry
but would not by itself establish it. That would require the direct discovery of
the superpartners, probably at the LHC. (b) Another important implication of
supersymmetry, at least in the minimal model, is the absence of other deviations
from the standard model predictions. (c) In supersymmetric grand unication one
expects the gauge coupling constants to unify when extrapolated from their low
energy values [93]. This is consistent with the data in the MSSM but not in the
ordinary standard model (unless other new particles are added). This is not actually
a modication of the precision experiments, but a prediction for the observed gauge
couplings. Of course, one could have supersymmetry without grand unication.
4.4 (Supersymmetric) Grand Unication
It is interesting to compare the value of s^
2
Z
in Table 6 or eqn. (53) with the only
models available which predict it, namely grand unied theories [93]-[97].
In a grand unied theory there is only one underlying gauge coupling con-
stant, and when the low energy couplings are extrapolated to high energy they are
expected to (approximately) meet at the unication scale M
X
above which sym-

























=4. The extra factor in the denition of g
1
is a normalization
condition [97]. The couplings are expected to meet only if the corresponding group
generators are normalized in the same way. However, the standard model gener-











Figure 16: Running couplings in (a) the standard model (SM) and (b) in the minimal





. The corresponding gure for M
SUSY
= 1 TeV is almost identical. It
is seen that the couplings unify at ' 10
16
GeV in the MSSM. The eects of threshold
uncertainties are seen in Figures 17 and 18.
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To test the unication, one starts with the couplings at M
Z
, which are now





127:9  0:1 [23], s^
2
Z














































) = 8:3 0:7: (56)































































assuming the standard model. F is the number of fermion families and N
H
is the













































. I will therefore usually take 
s
as a









, compared with the predictions of ordinary







only, while the larger range includes the various low and high scale uncertainties,
added in quadrature. The predictions for degenerate SUSY masses at M
Z
and 1 TeV
are shown for comparison. Updated from [47].
where the dierence is due to the additional particles in the loops. The 2-loop









































for an arbitrary scale . To rst approximation one can neglect the last (2-loop)
term, in which case the inverse coupling constant varies linearly with ln. However,
the 2-loop terms must be kept in the nal analysis. In a grand unied theory one


















are small corrections [98] associated with the low energy threshold (i.e., m
t
and the new sparticles and Higgs not degenerate withM
Z





), or with non-renormalizable operators.
The running couplings in the standard model are shown in Figure 16a, ig-
noring threshold corrections. They clearly do not meet at a point, thus ruling






which break in a single
step to the standard model [95]. Of course, such models are also excluded by the
non-observation of proton decay, but this independent evidence is welcome.
On the other hand, in the minimal supersymmetric extension of the standard
model the couplings do meet within the experimental uncertainties [96, 99, 93].





. Almost identical curves are obtained for largerM
SUSY
,
such as 1 TeV. (In practice, the splittings between the sparticle masses are more





GeV) that proton decay by dimension 6 operators is adequately
suppressed, although there may still be a problem with dimension 5 operators

































= 0:2100  0:0025  0:0007 (SM); (62)
31
cm









in ordinary and SUSY GUTs.
The dashed lines represent the experimental range 0.12  0.01. In the SUSY (MSSM)
case the error bar includes the theoretical uncertainties, added in quadrature. The
smaller error bars are for degenerate sparticle masses at M
Z
and 1 TeV. Updated
from [47].




, and the second is an estimate of
theoretical uncertainties from m
t
, the superspectrum, high-scale thresholds, and
possible non-renormalizable operators [47]. The MSSM prediction is in agreement
with the experimental value 0:2316(3)(1), while the SM prediction is in conict with
the data. These results are displayed in Figure 17.




), it is convenient to invert the



















) = 0:073  0:001  0:001 (SM); (63)
where again the second error is theoretical. It is seen that the SUSY prediction is in




)= 0.12  0.01, while the simplest ordinary





by the Z-pole data over some of the low energy determinations in Table 7, but





(which is also dominated by theory). If the low energy values turn out to be





) predictions are shown in Figure 18.
The success of the coupling constant unication, which is insensitive to the
gauge group and the number of complete families, provides a hint that supersym-
metric grand unication (or some superstring imitator) may be on the right track.
Of course it is possible that the success may be an accident. Similarly, there are
many more complicated schemes which could yield coupling constant unication,
such as those involving a large group breaking in two or more stages to the stan-
dard model, or those with ad hoc new representations split into light and heavy
components. However, the MSSM is the only scheme in which the unication is a
prediction rather than being achieved by adjusting new parameters or representa-
tions. Perhaps the coupling constants may indeed prove to be the \rst harbinger
of supersymmetry" [99].
Unless the apparent coupling constant unication is an accident, there are
stringent restrictions on the types of new \SUSY-safe" physics which do not dras-
tically disturb the predictions (unless, of course, one allows two large eects to
cancel). These are: supersymmetry (required), additional heavy Z
0
gauge bosons
or additional gauge groups which commute with the standard model, additional
complete ordinary or mirror fermion families and their superpartners (the neutri-
32
nos would have to be very heavy because of the LEP result N

= 2:988  0:023),




There are many other implications of supersymmetric grand unication.





which leads to stringent constraints on the ratio tan  of the vacuum expectation
values of the two Higgs doublets which give mass to the t and b, respectively [102];
the upper limit on the standard model-like Higgs [103, 104]; cold dark matter [105];
neutrino mass [106]; and a possible connection with superstring theories [107].
4.5 Extended Technicolor/Compositeness
In contrast to unication/supersymmetry, the other major class of extensions, which
includes compositeness and dynamical symmetry breaking, leads to many impli-
cations at low energies. The most important are large avor changing neutral
currents (FCNC). Even if these are somehow evaded one generally expects anoma-
lous contributions to the Z ! b







b) in the sim-













parameterize certain types of new
physics, as will be described below. Finally, in theories with composite fermions
one generally expects new 4-fermi operators generated by constituent interchange,

















Generally, the Z-pole observables are not sensitive to such operators, since they only
measure the properties of the Z and its couplings. However, low energy experiments
are sensitive. In particular, FCNC constraints typically set limits of order  
O(100 TeV ) on the scale of the operators unless the avor-changing eects are
ne-tuned away. Even then there are signicant limits from other avor conserving



















The existing data already sets limits  > O(10 TeV), as described in section 4.11.






b vertex is especially interesting, both in the standard model and in the
presence of new physics. In the standard model there are special vertex contri-
butions, shown in Figure 19, which depend quadratically on the top quark mass.
33
Their value is shown approximately in (34).  (b

b) actually decreases with m
t
, as





dependences in ^ are strongly correlated, but the special vertex corrections to
 (b

b) are independent of M
H






Figure 19: (a) Standard model vertex corrections to Z ! b

b. (b) New contributions
in supersymmetry. (c) New contributions in extended technicolor.
The vertex is also sensitive to a number of types of new physics. One can
























If the new physics gives similar contributions to vector and axial vector vertices then
the eects on A
b
FB
are negligible. In supersymmetry one can have both positive and







> 0, as is




practice, both eects are too small to be important in most allowed regions of
parameter space [108]. In extended technicolor (ETC) models there are typically
new vertex contributions generated by the same ETC interactions that are needed
to generate the large top quark mass. It has been argued that these are typically












where  is a model dependent parameter of order unity. They may be smaller
in models with walking technicolor, but nevertheless are expected to be negative
and signicant [90]. This is in contrast to the data, which suggests a positive
contribution if any, implying a serious problem for many ETC models. One possible
way out are models in which the ETC and electroweak groups do not commute, for
which either sign is possible [91].
Another possibility is mixing between the b and exotic heavy fermions with
non-canonical weak interaction quantum numbers. Many extensions of the standard




, which are both SU
2
singlet quarks with charge  1=3. These can mix with the d, s, or b quarks, but one
typically expects such mixing to be largest for the third generation. However, this




















can be increased if
there is an additional heavy Z
0
boson which only couples to the third family [109].
34
One can extract 
new
bb
from the data, in a global t to the standard model
parameters as well as 
new
bb




= 0:023  0:011  0:003; (69)
which is  2 above zero. This value is hardly changed when one allows additional








), because one can describe R =  (had)= (`

`) with a smaller QCD
correction to  (had) [20, 109]. Allowing for 
new
bb




) = 0:111 









. One can also perform more detailed ts






(as well as all of the other data) as constraints, one nds
that the anomaly should be in the b
R
coupling, as can be seen in equation (3).
4.7 
0
: Nonstandard Higgs or Non-degenerate Heavy Multiplets

















is exactly unity in the standard model, and any deviation would indicate new
sources of SU
2
breaking other than the ordinary Higgs doublets or the top/bottom
splitting. New physics can aect 
0












































) is the weak isospin (third component) of the neutral Higgs eld 
i
. If








= 1. However, in the



























One can also have loop-induced contributions similar to that from t and b,
































































, and if present would lead to lower





can be either positive or negative depending on
the quantum numbers of the Higgs eld. The 
0
parameter is extremely important
because one expects 
0
 1 in most superstring theories [113], which generally do
not have higher-dimensional Higgs representations
24
, while typically 
0
6= 1 from
many sources in models involving compositeness.
In the presence of 
0
the standard model formulas for the observables are
modied. As long as 
0
 1 is suciently small, one can simply incorporate the eects
of 
0
 1 in the tree-level formulas and take 
0





























is a neutral current amplitude. It has long been known that 
0
is close





most observables only involve the combination 
0
^. The one exception has been the
Z ! b

b vertex. However, assuming that CDF has really observed the top quark
directly one can use the known m
t
to calculate ^ and therefore separate 
0
. In




and the other parameters simultaneously, using the CDF
value m
t











= 166  15  0 GeV ;
(77)
where the second uncertanty is from M
H
. Even in the presence of the classes of
new physics parameterized by 
0
one still has robust predictions for the weak angle
and a good determination of 
s
. Most remarkably, given the CDF constraint, 
0
is
constrained to be extremely close to unity, causing serious problems for composite-


















) < O((100 GeV )
2
) on the splittings of additional fermion or
boson multiplets.
One can also consider the possibility that there are both new sources of SU
2
breaking and new contributions to the Zb

b vertex. A simultaneous t to all data
23
One can have 
loop
< 0 for Majorana fermions [111] or boson multiplets with vacuum expectation
values [112].
24
The only known exceptions are string models in which the observed particles are composite, or
models with k > 1 worldsheet currents [114].
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= 0:022  0:011  0:
(78)
Just as in the standard model (with 
0
= 1) the value of 
s
decreases signicantly
if one allow for a nonzero Zb

b vertex correction. The other parameters are changed
moderately or not at all.





be used to obtain an upper limit on m
t
for arbitrary Higgs representations, i.e.,
arbitrary 
0





< 183(195) GeV at 90(95)% C.L., essentially independent of M
H
.
4.8 Heavy Physics by Gauge Self Energies
A larger class of extensions of the standard model can be parameterized by the S, T
and U parameters [78]-[85], which describe that subset of new physics which aect
only the gauge boson self-energies
25
but do not directly aect tree-level amplitudes,































































































are the contributions of new physics to the W and Z self-
energies. T is associated with the dierence between the W and Z self-energies at
25
This formalism assumes that the new physics is much heavier than M
Z
. The results can be
generalized to new physics scales comparable to M
Z
by introducing additional parameters [84].
37
Q2
= 0 and describes the breaking of the SU
2V
vector generators. T is equivalent
to the 
0
parameter and is induced by mass splitting in multiplets of fermions or
bosons. S (S+U) are associated with the dierences between the Z (W ) propagators
at Q
2






), and describe the breaking of the SU
2A
axial generators.
S is generated, for example, by degenerate heavy chiral families of fermions. U is
zero in most extensions of the standard model. S, T , and U are induced by loop
corrections and have a factor of  extracted, so they are expected to be O(1) if






























S, T and U were introduced to describe the contributions of new physics.

















contributions to S, and similarly for T and U , may be found in [79, 80]. Until
recently it was dicult to separate them
t
and new physics contributions. Therefore,




at arbitrary reference values (e.g., M
Z
, or the result
of the best t in the standard model), and t to the total S, T , and U . The results





. Now, however, with the CDF value of m
t
it is possible to directly














, and (optionally) 
new
bb
, with the M
H





dependence of all observables, and not just their contributions to S, T , and U ,
which are approximations valid for masses much larger than M
Z
.


















=3  0; (83)
where C
i




quantum numbers. A fourth
family of degenerate fermions would yield
2
3
 0:21, while QCD-like technicolor
models, which typically have many particles, can give larger contributions. For
example, S
new
 0:45 from an isodoublet of fermions with four technicolors, and
an entire technigeneration would yield 1:62 [78]. Non-QCD-like theories such as
those involving walking could yield smaller or even negative contributions [81].
Nondegenerate scalars or fermions can contribute to S
new
with either sign [82].
The T parameter is analogous to 
loop
0














































) is dened in (75). Usually T
loop
new
> 0, although there may be excep-
tions for theories with Majorana fermions [111] or additional Higgs doublets [112].
In practice, higher-dimensional Higgs multiplets could mimic T
new
with either sign
(see equation (72)), and cannot be separated from loop eects unless they are seen
directly or have other eects. That is, T
loop
new










). Therefore, although T was




















= 1 + T
new
(87)





is small, although there are counterexamples, such as anomalous
triple-gauge vertices [85]. Supersymmetric extensions of the standard model usually
give negligible contributions to S, T , and U [92].









































































































is the physical mass, and A (A
SM
) is a neutral current amplitude (in the
standard model).
There is enough data to simultaneously determine the new physics contribu-






































, asymmetries, R, and m
t
(CDF), respectively. One obtains [20]
S
new



















=  0:53 0:61 m
t




= 0:022  0:011  0;
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close to zero with small errors, and the tendency to nd S < 0 that existed in earlier
data is no longer present (although A
0
LR
by itself favors S < 0). The constraints on
S
new
are a problem for those classes of new physics such as technicolor which tend
to predict S
new
large and positive, and S
new
allows, at most, one additional family
of ordinary fermions at 90% CL. (Of course the invisible Z width precludes any







are shown in Figure 21. The seven parameter t still favors
a non-zero Z ! b

b vertex correction 
new
bb
, almost identical to the value obtained
without S, T , and U . The low value of the extracted 
s
compared to the standard
model value (0:127(5)(2)) is entirely due to 
new
bb



















= 0.125 (6)(0), close to the standard model value.
cm




from various observables and from the global






= 0, while U
new
is free in the
other ts.
There is no simple parametrization which utilizes all experimental informa-
tion and which describes every type of new physics [80]. The S, T , and U for-
malism parametrizes important classes of new physics associated with gauge boson
self-energies and non-standard Higgs representations. It utilizes all experimental
information, but does not apply to such eects as non-universal vertex corrections.












. It applies to all types of new physics, but cannot make use of other ob-
servables unless extra assumptions are made. A more general possibility involves
deviation vectors (M. Luo, this volume, and [2]), as shown in Figure 22. Each type of
new physics denes a deviation vector, the components of which are the deviations
of each observable from its Standard Model prediction, normalized to the uncer-
tainty. The length (direction) of the vector represents the strength (type) of new
physics. The latter would be expecially convenient for diagnosing the origin of new
physics if signicant deviations were observed. One can also describe new physics
by eective Lagrangian techniques [116], which are especially useful for enforcing
the correlated eects of dierent operators that are related by gauge invariance or
other symmetries. Many types of new physics, such as heavy Z
0
bosons or mixing
with exotic fermions, are most conveniently described by special parametrizations.
40
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is the total uncertainty, obtained by adding the experimental
and theoretical uncertainties in quadrature.
cm
Figure 23: 90% CL (
2
= 4:6) allowed region in M
2




using indirect (WNC, M
W;Z












are free parameters, 
g
= 1 is assumed, and the CDF constraint m
t
= 17416
GeV is included. Also shown are the additional constraint in the minimal Higgs case,
best t point, and the band of 95% CL lower limits on M
2
from the direct CDF




Many extensions of the standard model predict the existence of additional gauge
bosons, which could be light enough to be observable [73]-[76]. For example, there



























is the third component of SU
2R
, B   L is the U
1
current



































). Similarly, many grand unied
theories lead to extra U
1
























The corresponding charges are shown in Table 10. The Z

couplings are a special
case of the Z
LR






































































































representations are also indicated. The couplings are shown for the left-handed
(L) particles and antiparticles. The couplings of the right-handed particles are minus









is an exotic lepton doublet with vector SU
2
couplings. N
and S are new Weyl neutrinos which may have large Majorana masses.
cm
Figure 24: Same as 23, only for Z
 
. In the minimal-Higgs case,  = 0, 1, 5, and 1.
emerges in a particular E
6
-breaking that is motivated by some superstring-inspired
models. The gauge coupling g
2
























 1 depends on the symmetry-breaking pattern [117]
(
g
= 1 by construction for the Z
LR
).
The above models all involve family-universal fermion couplings, which en-
sures the absence of avor changing neutral currents. The possibility of a Z
0
which
couples only to the third family is discussed in [109].
































I assume that Z
1











has the couplings of the new U
0
1
group. The presence of the extra Z modies





compared to the standard model prediction due to mixing, (b) the Z
1
couplings are
changed by mixing (this can be especially important for g
V e
, which is small in the
standard model), and (c) Z
2
exchange contributes to neutral current processes. All
42
cm
Figure 25: Same as 24, only for Z

.
of these must be included in global ts to the data
26
.
Indirect limits on the massM
2
and mixing angle  can be obtained from the
Z, W , and neutral current data. Because of large number of possible couplings to









One can consider three versions of each model, depending on how much is assumed
concerning the Higgs sector of the theory.
















































is given by (72), just as in the standard model. Eqn. (99) is written at




radiative corrections must of course be applied to all
formulae. Since, we are searching for small tree-level perturbations, it is a good rst
approximation
27
to ignore contributions of the extra Z to the radiative corrections.
In the unconstrained-Higgs (
0
free) version, no assumption is made con-







symmetry. This is analogous to the 
0
6= 1 extension of the standard model (due
















). There are so many
experimental constraints, however, that these can all be simultaneously determined
or constrained. The 90 and 95% CL lower limits on M
2
for the ,  , , and LR
models and for a heavy Z
0
with the same couplings as the ordinary Z (such cou-
plings are not expected in gauge theories, but are useful for comparison) are shown
in Table 11, and the allowed regions in M
2
and  in Figures 23{26. The limits
on the mixing angle  are shown for each model in Table 12. In all ts, the CDF
constraint m
t















In the constrained-Higgs (
0
= 1) case one assumes that SU
2L
breaking is






= 1, so M
0









A further extension, in which one allows for the simultaneous eects of an extra Z and mixing
between ordinary and exotic fermions, is discussed in [119].
27
Some care must be applied when using the on-shell denition [121], and there is a small correction
due to the Z
2













= free 353(378) 167(181) 216(237) 389(420) 951(1050)

0
= 1 334(352) 168(182) 217(237) 391(422) 958(1050)
 = 0 919(1020) 954(1040) 407(436) 1360(1470) {
 = 1 { 167(181) 614(673) { {
 = 5 { 791(851) 930(1010) { {
 =1 { 1020(1100) 1090(1190) { {
direct 360-425 280-415 290-440 350-445 505
Table 11: Lower limits on the mass M
2















= 1, and for minimal Higgs




the limits are independent of .)








are free parameters, and the CDF constraint m
t
= 175  16 GeV is included.














from the assumption that the only open decay channels are the known fermions
(strongest limits), to the case that decays can also occur into exotic fermion and
superpartner channels. Updated from [124].
cm



















= free {0.0025 (26) {0.0005(25)  0.0024(35) 0.0003(16)  0.0007(12)

min
 0.0067  0.0046  0.0080  0.0024  0.0027

max
+0.0017 +0.0036 +0.0034 +0.0029 +0.0013

0






 0.0054  0.0046  0.0079  0.0025  0.0027

max
+0.0013 +0.0036 +0.0033 +0.0029 +0.0010
Table 12: Best t values and 95% CL upper (
max
) and lower (
min
) limits on the
mixing angle  for the 
0
= free and 
0
= 1 models. The numbers in parentheses are





is not independent, but is given by (98). From Tables 11 and 12 and the
Figures one sees that theM
2
and  limits are comparable to the unconstrained case.
Finally, there are the minimal-Higgs ts, in which one assumes not only that
the relevant Higgs elds are SU
2


















where C depends on the Higgs quantum numbers. In some cases, such as the Z









, it varies over a nite range depending on the relative expectation values  of
two Higgs doublets. The predictions for C in terms of  = jvj=jvj are given in [124].





Table 11 and the Figures it is apparent that one often gets much more stringent
limits than in the ordinary 
0
= 1 case.







. The upper limit depends on the Z
0
mass, but for the 500 GeV











< 0:33 pb (101)
at 95% CL at
p
s = 1:8 TeV. This would correspond to a limit of M > 505 GeV for
a Z
0
with the same couplings as the ordinary Z, but a weaker limit on more realistic
Z's. It is safe to ignore Z   Z
0
mixing in the analysis, since indirect limits indicate
that  is small. The resulting limits on the ,  , LR, and  are shown in Table 11 and







branching ratio, i.e., whether the only open channels are
the known fermions (strongest limits), or whether decays into exotic fermions and
superpartners are allowed (weakest limits). The direct limits are currently slightly
stronger than the indirect limits for the unconstrained and constrained Higgs cases,
but weaker than most of the limits for the minimal-Higgs models.
Altogether, the current limits on the masses of extra Z's are rather weak
(typically  400 GeV) except when specic Higgs representations are assumed, and
depend strongly on the U
0
1
charges. However, there are rather strong limits on the
mixing angles, mainly from the Z-pole data. Further implications are discussed in
[124, 125], future prospects for indirect searches are considered in [2], and the direct






Those for which the SU
2R
breaking is due to Higgs triplets [1].
45
4.10 Exotic Fermions
The known fermions are all ordinary [86], i.e., the left-handed particles transform






















It is of course possible that there are additional (sequential) families of ordinary
fermions. However, the LEP constraint N

= 2:988  0:023 [3] from the invisible





40 GeV) than those of the known families. Another constraint comes from
the S
new
parameter, i.e., the shift in M
Z
induced by vacuum polarization diagrams

















ordinary families and N
R
mirror (right-handed doublet, left-handed singlet)






i.e., it is unlikely that there are more than 1 or 2 additional families, even if the
associated neutrinos are very heavy. The constraints on exotic fermions from both
charged and neutral current processes are described in detail by London and by
Herczeg in this volume, and in [86].
4.11 Four-Fermi Operators and Leptoquarks
Many types of new physics, such as compositeness, dynamical symmetry break-
ing, leptoquarks, and supersymmetry lead to new eective four-fermi operators (in
supersymmetry they are expected to be small for the interesting models). These
generally lead to avor changing neutral current eects. Even if these are somehow
evaded, there are often avor-conserving eects which contribute to charged and
neutral current processes, universality violation, etc. [2, 70, 71].
The Z-pole observables, although most precise, are only sensitive to the
properties of the Z and are essentially blind to such operators
29
. However, neutral
current processes are often quite sensitive. In particular, atomic parity violation





(50) in a direction orthogonal to the standard model band in Figure 14.
29
On the Z-pole, new operators are out of phase and do not interfere with the Z amplitude. O
peak there may be interference, but the Z amplitude is suppressed.
46









































=  0:0029  0:0023; (106)






< 21 TeV ; (107)
at 95% C.L. This is already a stronger limit than will be be attainable at HERA,
although HERA would also be sensitive to parity-conserving operators. Future APV
experiments (see Masterson and Wieman, this volume) will be even more sensitive.
As another example, consider a charge  
1
3
scalar leptoquark S, such as in










































=  0:0064  0:0047; (109)




















should be negligibly small for
relevant M
S
.) These limits equal or exceed what will be attainable at HERA for
electromagnetic-strength leptoquark couplings, although HERA will be sensitive to
light (M
S
< O(300 GeV )) leptoquarks even for very small couplings. The APV
limits on M
S
should be improved by a factor of 4 or so. There are also signi-
cant constraints on leptoquarks from Z`

` vertex corrections [127]. Leptoquarks are
discussed in more detail in this volume by Herczeg and by Deutsch and Quin.
47
5 Conclusions
 The precision data have conrmed the standard electroweak model. However,







 The data not only probes the tree-level structure, but the electroweak loops
have been observed at the 2 level. These consist of much larger fermionic
pieces involving the top quark and QED, which only partially cancel the
bosonic loops. The bosonic loops, which probe non-abelian vertices and gauge-
Higgs vertices, are denitely needed to describe the data.






= 175  11
+17
 19




















where the second uncertainty is from M
H
. The prediction for m
t
is in re-
markable agreement with the value m
t
= 174  16 suggested by the CDF
events. The data has also allowed, for the rst time, a clean and precise ex-
traction of 
s





) = 0:123  0:005 from event shapes. Both are larger than many of the
low energy determinations when extrapolated to the Z-pole. The lineshape
determination, however, is sensitive to the presence of new physics which af-
fects the Zb

b vertex or the hadronic widths.
 The agreement between the indirect prediction for m
t
with the tentative di-
rect CDF observation and of 
s
with the various other determinations is an
impressive success for the entire program of precision observables.
 Combining the direct CDF value of m
t
with the indirect constraints does not
make a large dierence within the context of the standard model. However,
when one goes beyond the standard model, the direct m
t
allows a clean ex-
traction of the new physics contributions to 
0
, which is now shown to be very
close to unity, 
0
= 1:0012(17)(17). This strongly limits Higgs triplet vacuum
expectation values and non-degenerate heavy multiplets. Similarly, it allows







consistent with zero. Finally, one can determine the new physics contribu-





is approximately 2:3 away from zero, reecting
the large value of the b

b width.
 The data exhibit a slight preference for a light Higgs, but this is not very
compelling statistically. One nds only M
H
 570(880) GeV at 90(95%) CL.










dependence of the observables is weak.
 The major prediction of supersymmetry is that one does not expect large
deviations in the precision observables. The new particles tend to be heavy
and decouple. One implication that is relevant, however, is that supersym-
metric theories have a light standard model-like Higgs. They therefore favor
the lighter Higgs mass and the lower end of the predicted m
t
range. Also, the
observed gauge couplings are consistent with the coupling constant unica-
tion expected in supersymmetric grand unication, but not with the simplest
version of non-supersymmetric unication.
 In compositeness and dynamical symmetry breaking theories one typically ex-
pects not only large avor changing neutral currents but signicant deviations
of 
0








< 0, at least in the simplest models. Therefore, the precision experiments
are a major diculty for this class of models.
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